on their physical properties [2] [3] . Additionally, the disadvantageous growth conditions result from the alkaline pH and the presence of heavy metals -mainly copper and lead [4] [5] . One of the ways to reclaim this type of tailing pond is to use various types of mineral materials, such as rock aggregate and organic material obtained from forestry waste. When mixed with soil, these materials are supposed to improve its physical and biological properties, which in turn enhances the conditions for growth and development of reclamation plants [6] [7] [8] [9] . Plants used in the phytoremediation process should have the following properties: tolerance to high concentrations of heavy metals in tailings and the capacity to accumulate them, and resistance to stress factors such as salinization, acidification, or nutrient deficits [10] . Additional assets are a high growth rate and a large amount of produced biomass [11] . Grasses, especially those that use C4 photosynthesis path, are considered as useful species in the reclamation process -particularly in the initial phases. Their usability results from high tolerance to adverse conditions as well as the ability to quickly generate organic matter [12] .
A disadvantageous parameter of flotation sediments that limits growth is high retention of water that remains inaccessible for plants. Water properties may be improved by modifying the granulometric composition and by applying various types of superabsorbents, also known as hydrogels or aerogels [13] . They have the form of loosely cross-linked ionic polymers (acrylic acid) or non-ionic polymers (polyacrylamide). What they all have in common is the ability to absorb significant amounts of water, even up to 1,000 g per 1 g of the absorbing substance. Apart from improving the water properties of soils [14] [15] , they also contribute to the improvement of structure and chemical properties of soil [16] .
The experiment was conducted with the use of geocomposites developed at Wrocław University of Environmental and Life Sciences. They consist of a skeletal grid made from synthetic polymer, on which the superabsorbent (SAP) is placed. Such a structure enables free swelling of the gel and water retention and guarantees mechanical resistance to the pressure of soil from above. The external layer is made from nonwoven geotextile that enables free root growth and water infiltration [16] [17] .
The aim of the study was to evaluate the influence of modification of post-flotation sediment by the application of geocomposites, mineral and organic substances, and phytoremediation plants on the selected physical and biological parameters.
Material and Methods
The experiment was started in summer 2010 in the Konrad flotation waste deposit in Iwiny (51°13'10.5"N 15°39'45.2"E). The main part of research was conducted in 2011-2013 based on a strict tri-factorial experiment set up with the use of the split-split-plot method, in 4 iterations.
The deposit in Iwiny, Poland, had been filled with mine tailings (post-flotation sediments) from the Ore Processing Department of the Konrad mining facility until 1971. Since then, no activities have been conducted there. It was only subject to natural plant succession. However, only birch, pine, and mosses appeared on the border areas, while reeds grew in the central part containing stagnated rainwater. In terms of granulometric composition, the sediment is a dustyclayey formation, with a marginal addition of sandy fraction and completely absent skeletal fractions [18] [19] .
The main plot of the experiment were the variants of mine tailing modification. Unmodified sediment was left in the control object. In the second variant, the sediment was mixed with crop willow chips (40 mm overburden), in the third one with rock aggregate (40 mm overburden), and in the fourth variant with 20 mm overburden of each rock aggregate and woodchips. All tailings additives were dug manually up to a depth of 20 cm, and then mixed with use of a tiller.
The second experimental factor was the species or mixtures of reclamation plants. The plots were sown with reed canary grass (RCG) Phalaris arundicaea L. (7 g·m ). The third factor was the presence of water-absorbing geocomposites. Blocks of the dimensions L = 74 x H = 5.5 x W = 9 cm were placed at a depth of 22 cm and covered with a layer of sediment.
Sediment respiration was measured with use of an EGM-4 infrared gas analyser with SRC-1 soil respiration chamber (PP systems, Hitchin, UK) in three repetitions on each experimental field. Volume moisture was determined with using an HH2 reader and an SM150 probe (Delta-T Devices Ltd., Cambridge, UK) set, also in 3 repetitions. Compactness up to a depth of 20 cm was determined with a tailings penetrometer with the function of electronic data recording in 8 repetitions per field.
The results were subjected to variance analysis. Border differences were determined with use of the Tukey test at confidence level α = 0.05.
Results and Discussion
The activity of microorganisms in tailings measured as the activity of dehydrogenase did not show significant correlation with any of the applied experimental factors or the interactions between them (Table 1) . However, a relatively distinct effect of the additive into the tailings was noted. The application of wood material in the form of woodchips and woodchips mixed with rock aggregate led to a considerable increase in dehydrogenase activity, on average by 43%, in comparison to sediment without additives. A similar trend after the application of organic matter was observed by Zornoza et al. [20] and Alvarenga et al. [21] . The addition of geocomposites to the sediment also led to increased enzyme activity by 10%. Individual plants as well as their mixtures did not significantly affect the activity of microorganisms. Peng et al. [22] proved that enzyme activity depended more on the amount of biomass than on plant species.
The application of additives into the tails had a significant influence on water content ( Table 2 ). The highest moisture content was noted after the application of crop willow chips, only 0.2% lower on fields with only flotation sediment. The addition of rock aggregate and rock aggregate mixed with woodchips resulted in a moisture content decrease by 7.7% and 6.9%, respectively. The addition of mineral component to the mine tailings probably increased the rate of capillary infiltration and thus enhanced the dynamics of moisture changes [18] [19] .
The application of various species of grass and their mixtures led to slight yet statistically significant changes in water content in the tailings. The highest moisture content was measured on fields with switchgrass, where it was on average 1.3% higher than in other variants. The introduction of geocomposites to the sediment resulted in a statistically significant increase in moisture content by 1.2%. The effectiveness of sorbents was also demonstrated by Lejcuś et al. [14] , Zhong et al. [15] , and Roshani et al. [23] .
The water content in mine tailings depended also on the interaction between the sediment additive and on the presence of geocomposites. The highest increase in moisture content (by 3.1%) after the application of geocomposites was noted in fields with sediment and without additives.
The biological activity of sediment measured by the intensity of CO 2 emission showed a significant correlation with the tailings additives and the presence of geocomposites (Table 3 ). The highest amounts of carbon dioxide were emitted by sediment with the addition of crop willow chips, and the obtained values were 17% higher than those in unmodified sediment. On the other hand, rock aggregate mixed with woodchips had a negative influence on the biological activity of the sediment. After the application of such a mixture, tailings respiration fell by 6.4% in comparison to the activity noted in fields without sediment additives, but that difference is not statistically significant. The increase of respiration rates after the application of organic residues as well as including both mineral and organic ones was observed by Zornoza et al. [24] . Moreno-Barriga et al. [3] without absorbent. In spite of their high molecular mass, geocomposites decompose slowly [25] , which results in the increased CO 2 emissions from tailings [26] .
The amount of emitted CO 2 depended on the interaction between sediment additives and the presence of geocomposites. After their application into the mine tailings, the highest increase in activity, by 20.4%, was noted in the sediment with the addition of rock aggregate mixed with woodchips. However, their presence in unmodified sediment did not affect the intensity of gas exchange.
Although plant species and their mixes did not significantly affect the amount of CO 2 , the highest respiration rate was observed on plots with RCG+MM. Plant growth may improve microbiological function of tailings [27] , but this is correlated with vegetation cover and amount of biomass [28] .
The introduction of additives to the sediments and the presence of geocomposites led to considerable changes in tail compactness in the 0-10 cm layer ( Table  4 ). The highest compactness was noted in tailings containing rock aggregate, which was 5.8% higher than the values obtained for sediment without additives. On the other hand, the application of crop willow chips had the most beneficial influence on the compactness as it was reduced by 13.5% in comparison with the object without additives. Improvement of physical quality on mine tailings after the addition of organic amendments was observed by Muñoz et al. [29] . The application of geocomposites allowed us to reduce sediment compactness by 5.7%. Phytoremediation plants, in spite of species diversity, did not significantly affect soil compaction. This was probably caused by slight differences in their biomass gain during vegetation.
Interaction analysis enabled us to demonstrate that mine tailings compactness changed considerably depending on the interaction between the presence of geocomposites and the species of grass or their mixtures. After the introduction of absorbent, the lowest compactness was noted in fields sown with switchgrass. It was, on average, 10.4% lower than in the other variants. A reverse correlation, but not statistically proven, was manifested in fields without geocomposites, where sowing switchgrass resulted in increased compactness in comparison to the remaining objects. In the deeper sediment layer (10-20 cm, Table  5 ), the differences were smaller and significantly dependent only on the presence of geocomposites and the interaction between this factor and the type of reclamation plants. Similarly to the 0-10 cm layer, the application of geocomposites resulted in a significant reduction in tails compactness by as much as 22.7%. The interaction analysis demonstrated that the application of absorbent allowed for the highest compactness reduction in fields sown with switchgrass.
The conducted analysis of linear correlation demonstrated that only compactness was significantly, though slightly, correlated with certain parameters of the mine tailings ( Table 6 ). The activity of dehydrogenases showed a significant negative correlation with sediment compactness, both in the 0-10 cm layer and in the deeper 10-20 cm layer. A negative correlation between moisture content and tails compactness in the 0-10 cm layer was also confirmed.
Conclusions
1. The application of water-absorbing geocomposites contributed to the improvement of the physical and biological properties of the tailings pond. The mine tailings with superabsorbent was characterised by higher moisture content. Intensified gas exchange was also noted, along with a noticeable reduction in the compactness of sediment in comparison to the values obtained for tails without geocomposites. 2. Various types of additives that were mixed with mine tailings in order to improve the disadvantageous properties had a noticeable influence on selected tailings parameters. The best results were obtained after the application of crop willow chips, which led to improved moisture conditions, reduced compactness, and intensified CO 2 emissions. 3. Individual species of reclamation plants or their mixtures had a relatively slight influence on the analysed properties of flotation sediment. Significant differences were noted only for moisture content of the mine tailings, which was the highest after the introduction of switchgrass (Panicum virgatum L.).
